A high incidence of colorectal cancer (CRC) has been established in the elderly population. Apoptosis is a key event in maintaining colon homeostasis, both in aging as well as in cancer prevention. Here, we report that colon morphology is affected during the aging process: crypt loss (P=0.045) and increasing distances between crypts (P=0.0001678) were observed, associated with a tendency for mucosa reduction (P=0.083). In addition, our results show that apoptosis plays a determining role on the effect of aging during CRC. Increased expression of cleaved caspase 3 (the key factor implicated in the caspase-dependent pathway; P=0.026 for non-tumor tissues, P=0.0013 for tumor tissues) and AIF (implicated in the caspase-independent pathway; P=0.037) in tissue from elderly patients has been observed. Furthermore, elderly patients respond better to chemotherapy than younger ones (P=9.27x10 -5 ). These results suggest that patient age should be taken into account to adapt treatment of CRC.
Introduction
Defined by the international pathology tumor node metastasis (pTNM) classification system (1), colorectal cancer (CRC) is characterized by four distinct tumor stages of development. Because this disease represents the second most common cancer among men and the third among women (2), intensive research is underway to improve CRC patient quality of life. In fact, in spite of available therapies, the survival rate remains very low (National Cancer Institute data).
Aging is accompanied by molecular and functional changes which can contribute to high incidences of cancer. Cancer is rare before the age of 40 but this rate increases from age 40 to 75, making cancer a very common occurrence in the elderly (3). There is a high incidence of CRC in the elderly population; indeed, the average age at the time of diagnosis is 70 years old.
A strict control of apoptosis is especially important to maintain homeostasis for mitotic tissue such as colon in which cells continuously proliferate and have a short life cycle. A balance is maintained in the epithelial cell compartment between proliferation at the base of the crypt and apoptosis (associated with other cell loss) largely at the luminal surface of the colonic crypt. Increasing apoptosis without enhancing cell differentiation is not desirable as it causes loss of tissue structure and function, further contributing to aging. However, over-activation of apoptosis which occurs with aging accompanies tissue dysfunction and altered tissue architecture (4), making regulation of apoptosis pathways a significant event in aging.
In the case of CRC, a particularly common disease in elderly people, chemotherapy is not recommended for patients >80 years old. Adapting treatment based on patient age and co-morbidity is already performed and needs to be extended, especially with the growing importance of individualized therapy. Moreover, studying age-related differences in apoptosis may improve CRC understanding.
Apoptosis is a programmed cell death activated by two major pathways: the extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway which are linked by activation of caspase 3 (reviewed in ref. 5) . To obtain an overview of this process, we chose to examine the expression of cleaved caspase 3, the pivotal factor implicated in the execution of celldeath-dependent caspase activation (6) . We also assessed AIF (apoptosis inducing factor) expression because of its essential role in caspase-independent apoptosis (7, 8) . We believe that a more effective treatment against cancer will be achieved using drugs that induce programmed cell death by both dependent and independent pathways of caspase activation. Studying proteins implicated in these two distinct pathways will provide important information.
To our knowledge, there are no reports on the influence of aging on the expression of factors that regulate colonic epithelial proliferation and apoptosis both in non-tumor (NT) and tumor (T) areas of patients with different CRC stages. Thus, the aim of our study was to identify a link between age and essential pro-apoptotic protein expression, cleaved caspase 3 and AIF, during the development of CRC.
Materials and methods
Patient characteristics. Our study group of 82 patients with histologically proven CRC admitted to the Limoges University Hospital, and treated for CRC between January 2006 and February 2007, were examined with a median follow up of 33 months (range, 0-45 months). The exclusion criteria as described by the Helsinki protocol were: juvenile patients, pregnant or breast-feeding women, rectal or colonic lesions that were not histologically proven, patients with impossible follow-up, and insufficient or unexploitable tissue because of inadequate preservation.
Eighty-two patients (38 women and 44 men), with a mean age of 71 years (range, 41-93 years), were included prospectively. Tumors were graded according to the pTNM international classification (1) . Forty patients had local disease (stage I, T1/2-N0, n=6; stage II, T3/4-N0, n=35), 27 had regional lymph-node involvement (stage III, any T-N1/2), and 14 had advanced disease (stage IV, any T, any N, presence of metastasis). Patient characteristics are summarized in Table Ι . Patients were followed-up as recommended (9) . The last follow-up evaluation was performed on September 1, 2009. FOLFOX4 was the standard treatment administered.
The control group, with a medium age of 66 years, was formed by histologically normal colons from 16 patients, treated for benign pathologies such as intestinal ischemia (n=1), polyps (n=2), appendicitis (n=2), dolichomegacolon (n=3) or diverticulosis (n=8).
Patient follow-up and clinical pathology. Clinical, paraclinical (biology and imagery) and histological parameters were collected by Michelle Nouaille and Pathology Department technicians. The recommended post-operative follow-up (9) was performed as previously described (10) . Recurrence-free and disease-specific survivals were analyzed and are presented in Table ΙΙ .
Tissue samples. Archived, formalin-fixed and paraffinembedded blocks of tissues were obtained from the Pathology Department of the Limoges Teaching Hospital. Tissues were sectioned (4 µm) and stained with HES for pathological diagnosis and TNM grading with the pTNM system (1) as well for studying the morphology and for immunostaining. Histological slides were reviewed to identify normal-appearing areas and also tumor areas, excluding the necrotic central tumor zone.
Immunohistochemistry. Antibodies used were previously assessed by western blot analysis for AIF [Santa Cruz Biotechnology, sc-9416 (D-20)] (11) and for immunohistochemistry for cleaved caspase 3 (Cell Signaling, no. 9661) (12) .
Paraffin sections were deparaffinized in toluene, alcohol and rehydrated with phosphate-buffered saline (PBS). Before staining, sections were subjected to steam heat antigen retrieval in citrate buffer (200 µM citric acid, 9.8 mM sodium citrate, pH 7.0) for 5 min. This step was repeated four times in a microwave oven (750 W). After washing in PBS, slides were incubated for 10 min with 5% H 2 O 2 in methanol to inhibit endogenous peroxidases. Non-specific sites were blocked with PBS-3% bovine serum albumin (BSA) for 30 min. Samples were incubated for 1 h at 37˚C with primary antibodies diluted in PBS-3% BSA at 1:1000 for anti-AIF and 1:50 for cleaved caspase 3. Because the antibody used against AIF is a horseradish peroxidase-coupled antibody, no secondary antibody was needed. For the detection of cleaved caspase 3, an anti-rabbit-HRP was added (30 min). Finally, proteins were detected using the chromogenic substrate DAB (5 min). Tissue sections were then counterstained with hematoxylin (10 sec) and a bluing reagent (10 sec) to increase contrast. Slides were conserved with non-aqueous mounting medium. The sections were examined and images were acquired with a Leica camera.
To test signal specificity, negative control experiments were performed either by omitting the primary antibody or by omitting both the primary and secondary antibodies. No staining was observed (data not shown).
Scoring method. The most homogeneous non-tumor and tumor-stained areas of each slide were selected for quantification. AIF immunoreactivity was scored as 0, 25, 50 and 75% of stained cells. Cleaved caspase 3 was quantified as 0, 10, 25 and 50% of stained cells. Three independent examinations were performed on each slide by two individuals.
Statistics. Correlations between parameters were assessed as previously described (10) . Kruskal-Wallis tests were conducted with PAST 2.03 (13) due to the unequal distribution between the parameters examined (number of crypts, thickness of mucosa and distance between crypts). P-values <0.05 were considered to denote significant differences.
Results
Patient characteristics and outcome. For the analysis, patients were divided in two distinct groups based on age with 70 years as the cut-off (Fig. 1) . As shown in Table Ι , although the total number of patients in each group was quite different (24 vs. 58), both groups were homogeneous in terms of gender (P>0.5), with an ~1:1 ratio. On the other hand, CRC stage distribution was clearly different between the two groups (Fig. 1, P=0 .013). This result is certainly due to the higher number of stage II and III CRC specimens (the most common forms of CRC) observed in the patients >70 years group. Moreover, this large difference is linked to the number of patients with a CRC stage IV: 5 patients in the patients >70 years group which represent 6.1% of the total of analyzed patients; while they were 9 patients in the patients <70 years group which represent 11% of the total analyzed patients. This result is in agreement with previous reports which have shown that young people are more likely to have advanced and aggressive CRC than older individuals (14) . As expected, these two groups are largely different in terms of their ASA score (American Society of Anesthesiologists; P=0.00021): a high proportion (31.7%) of patients in the patients >70 years group had ASA scores of 3-4, certainly due to their advanced age which is largely and commonly linked to development of various disorders (Table Ι) . In terms of total survival, both groups were comparable with a higher proportion of patients having recurrence-free survival (62.5 and 48.3%, respectively) than patients having a disease-specific survival (12.5 and 5.2% for each group, respectively; Table ΙΙ ). The survival of patients in early or advanced stages did not show a significant difference between the groups but demonstrated that the younger the patient, the better the survival, regardless of pTNM stage (data not shown). Similarly, the two groups were comparable in terms of death due to CRC (20.8 vs. 25.9%). In contrast, the death due to other causes was different: for the patients <70 years group, only 1 patient died vs. 12 in the patients >70 years group (4.2 vs. 20.7%). This last result can be explained by the fact that elderly people have more medical problems, while young ones have a greater life expectancy. Samples of CRC and neighboring non-tumor mucosa were obtained at the time of resection following diagnosis.
Morphology of the colon mucosa differs with aging. Kwon and
Magnuson have shown that young rats have densely populated crypts; middle-aged and old rats have fewer crypts per area, more damaged crypts (loss of bottom third or two-thirds) and evidence of crypt loss (15) . To test if this result was transposable to humans, morphology of the colon mucosa from the control group was studied closely, without taking into consideration patient age at the time of analysis. Based on the observation of different HES slides for each patient, a descriptive study was performed by examining the thickness of the mucosa, the number of crypts and the relative distance between the crypts (see Materials and methods and the legend of Fig. 2 for details on the description of histology measurements). Although we assumed that it was impossible that all sections had exactly the same orientation, three major morphological differences were found (Fig. 2) and the significance of the analyzed parameters between both groups was assessed by Kruskal-Wallis tests. The number of crypts was diminished (a medium of 15.5 crypts/ area in young patients vs. 11 in elderly patients, P=0.045), the thickness of the mucosa tended to be reduced in elderly patients (a medium of 1.8 cm in young patients vs. 2.3 cm in elderly patients, the Kruskal-Wallis test shows only a tendency with P=0.083) and the distance between crypts is greater in elderly patients, in particular, as observed for patients K, M and P ( Fig. 2 ; a medium of 0.91 mm between crypts in young patients vs. 1.67 mm in elderly patients, with P=0.0001678). In spite of the fact that these results are descriptive and only based on personal observations, they were significant and confirmed that aging is accompanied by morphological changes in the human colon mucosa. Increased expression of cleaved caspase 3 with aging. Cleaved caspase 3 (cysteinyl aspartate specific proteases) is a key effector of apoptosis. Caspase 3 is present in healthy cells as a 32-kDa proenzyme that is cleaved to form the active heterodimer (17/12 kDa) prior to the onset of apoptosis. Once cleaved through the activation of the apoptotic cascade, the peptide end of this active caspase represents a novel epitope not present in normal cells, which is a unique and sensitive indicator of apoptosis (6) .
As expected, cleaved caspase 3 staining was restricted to epithelial cells, at the border of the crypts (Fig. 3) and 10% of the cells were undergoing apoptosis in non-cancerous mucosa (control NT) as previously demonstrated (16) . A significant correlation between patient age and cleaved caspase 3 expression was observed in our study. A distinct increase in cleaved caspase 3 expression was found for patients >70 years group (Figs. 3 and 4) in NT as well as in T areas [P=0.026 and 0.0013, respectively; (Fig. 4) ]. This finding was specific to CRC patients as it was not found in the control group divided with the same criteria (data not shown). These results suggest the implication of a caspase-dependent pathway of apoptosis in CRC development as shown by a stronger activation of this protein in elderly CRC patients.
Increased expression of AIF in NT tissue with aging. Usually, after apoptotic stimuli, AIF is released into the cytosol from the mitochondrial intermembrane where it interacts with cyclophilin A to become a DNase. Subsequently, when AIF is translocated to the nucleus, this may contribute to DNA fragmentation leading to cell death (17) . A relatively high level of AIF (>20%) was found for the control group (Fig. 6 ). This result was probably due to the damaged cells during surgery, the rapid deterioration of non-cancerous tissues (highly subject to ischemia) and the time required for the surgical pieces to be transported to the Pathology Department. Furthermore, the number of patients included in the control group was lower than the total number of analyzed patients, which could explain the difference obtained between the control group and the NT tissues from each patient group. As for cleaved caspase 3, AIF expression in NT tissues was higher in elderly compared to young patients (P=0.037; Figs. 5 and 6). This data was not transposable to the control group but was specific of CRC patients. Therefore, in the NT area, which represents the tumor environment, deregulations have already occurred, especially in elderly patients. These results suggest the involvement of the caspaseindependent pathway of apoptosis in events occurring in areas next to the cancerous tissue and also its role in aging.
Increased sensitivity to chemotherapy in elderly people. Interestingly, we found that the age at the time of surgical intervention (or at diagnosis) and chemoresistance were negatively correlated (P=9.27x10 -5 ) . Results from the entire study group showed that elderly patients were more chemosensitive than younger ones. Within the patients >70 years group, only 7 were treated by chemotherapy (which represents 12.1% of elderly patients or 8.5% of the total analyzed patients) and 49 did not receive treatment because of personal refusal, co-morbidity, being >80 years, or general damaged condition. Among the 7 patients who were treated by chemotherapy, 5 had survived (which represents 71.4% of elderly patients) and 2 had died at the time of analysis (representing 28.6% of elderly patients). In contrast, within the patients <70 years group, only 16 were treated by chemotherapy (which represents 66.7% of young patients or 19.5% of the total analyzed patients). Among them, 11 had survived (68.75%) and 5 had died (31.25%) at the time the data were analyzed (Tables I-III) . This data reinforces the fact that elderly patients treated by chemotherapy have a better clinical outcome than young ones. In conclusion, these results strongly suggest that age has to be taken in close consideration for treatment selection, especially in elderly patients.
Discussion
CRC is a cancer particularly affecting elderly people. However, studies rarely consider the aging effects on disease development and differences in carcinogenesis may contribute to the differential response to treatment. Data on the status of apoptotic protein expression in CRC are numerous and often controversial. To our knowledge, the relationship between apoptosis and age at CRC diagnosis has not been described.
Apoptosis increases dramatically with age upon exposure to genotoxic and cytotoxic carcinogens in the colon, giving rise to altered and defective colon architecture (15) . Life time exposure to genotoxic substances and the high incidence of apoptosis that occurs during aging could cause changes in tissue morphology, leading to fewer crypts per area in the colon of older rats compared to younger ones (15) . As found in animals, altered morphology of the colon mucosa was observed in our study (Fig. 2) . These results reinforce the idea that the aging process affects the morphology of organs and, as a consequence, probably their functions. In fact, due to telomere shortening, aging is accompanied, on one hand, by apoptosis in normal physiological conditions and, on the other hand, is linked to tumorigenesis in pathological conditions, such as cancer (18) .
For this purpose, expression of cleaved caspase 3 and AIF in tissues of patients having CRC at different tumor stages and correlation with patient age was studied. The marked increase in cleaved caspase 3 (reflecting the caspase-dependent pathway; Figs. 3 and 4) and AIF (representing the caspaseindependent pathway; Figs. 5 and 6) in CRC may reflect an increase in the proportion of cells that should have undergone spontaneous apoptosis (19) . These results are in agreement with results obtained by Li and co-workers who have shown that aging is in part due to an increase in apoptosis (20) . Cell loss during aging is related to increased sensitivity to apoptosis. Moreover, the biological behavior of cancer is known to be less aggressive in elderly people. An increased frequency of apoptosis in CRC tissues, especially in the earlier stages, may possibly explain the slower growth of CRC in the elderly (14) . Due to telomere shortening, a programmed mechanism that triggers apoptosis becomes activated with age in post-mitotic tissues, such as the colon (18, 21) . Aging is characterized by chronic production of radical intermediates in all tissues, which may promote apoptosis induction with time. Apoptosis may serve to eliminate non-functional, harmful, abnormal or misplaced cells especially in advanced age (21) . In fact, ageenhanced apoptosis may be a protective mechanism to fight age-associated tumorigenesis (18,21). In the present study, the data on the chemotherapy response of elderly patients demonstrate that elderly patients are more able to respond to standard treatment than younger ones (P=9.27x10 -5 ). These findings provide important information related to the high incidence of CRC in the aged population and suggest that treatment needs to be adapted especially for elderly patients as recently described (22) .
In conclusion cancer in the elderly and young people is variable and should be treated differently. As suggested by Colonna and co-workers, better diagnosis and an adapted treatment for the elderly, with further development of oncogeriatrics, is urgently needed (23) . In agreement with this finding, specific treatment needs to be developed by combining the expertise of oncologists and geriatric physicians to better codify and adapt treatments based on patient age.
